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(54) Control apparatus and control method for multi-cylinder engine 



(57) The present invention relates to a multi-cylinder 
engine (12) having a compression ignition combustion 
mode, a vibration detecting sensor (5) that is preferably 
mounted in a cylinder block or a cylinder head (12a) is 
used to detect a frequency and the detected frequency 
is appropriately analyzed to detect or estimate a cylinder 
pressure peak value and peak timing for each cylinder. 
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An amount of internal EGR, a fuel injection condition, 
an engine speed (Ne) and the like are then controlled 
so as to bring each of these parameters into an appro- 
priate range thereof. The control apparatus (1) sup- 
presses variations in combustion states among different 
cylinders and different cycles arising from unit-to-unit 
variations or deterioration in the engine (12) or part-to- 
part variations or deterioration in a component thereof. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present Invention relates to a control ap- 
paratus and a control method for a multi-cylinder engine 
and, more particularly, to a control apparatus and a con- 
trol method for a multi-cylinder engine that suppresses, 
in a favorable manner, variations in an ignition combus- 
tion state among different cylinders during an engine op- 
eration in a compression ignition combustion mode. 
[0002] There is known a multi-cylinder engine that 
works on a combustion principle, in which a premixture 
is compressed and self-ignited. This type of engine is, 
what is called, a homogeneous charge compression ig- 
nition combustion mufti-cylinder engine. It is desired that 
this type of engine be controlled in a favorable manner 
so that it performs a self-ignition combustion that exhib- 
its high efficiency over a wide operating range. For ex- 
ample, Japanese Patent Laid-open No. 2000-320333 
discloses a technique, in which vatve timing of intake 
and exhaust valves are controlled so as to provide a 
valve shutoff period (minus overlap) in the cylinder. This 
minus overlap period and fuel injection timing are con- 
trolled in accordance with changing operating condi- 
tions, thereby controlling self-ignition combustion of a 
mixture. 

[0003] The technique disclosed in the aforemen- 
tioned publication is intended to control various compo- 
nents of the engine according to engine operating con- 
ditions. If, for example, there are part-to-part variations 
among those engine components or if any deteriorates, 
however, a symptom could occur, in which an ignition 
timing and combustion state vary from one cylinder to 
another and from one cycle to another even under the 
same operating conditions. This symptom could cause 
p re-ignition or misfire to occur in one or more cylinders 
of the engine. There is as a result a problem arising, in 
which fuel consumption and the state of exhaust emis- 
sions are seriously aggravated. 
[0004] In a commonly known spark ignition multi-cyl- 
inder (gasoline) engine, control is provided with the ig- 
nition timing of an ignition plug first established. In a die- 
sel engine, too, combustion control is provided with the 
ignition timing for fuel spray first established. Both are 
equipped with an ignition trigger and capable of an ex- 
tremely powerful and highly robust combustion control. 
There has therefore been little necessity to identify de- 
tailed combustion states for each cylinder and provide 
combustion control based the combustion states. 
[0005] With the homogeneous charge compression 
ignition combustion multi-cylinder engine, however, it is 
assumed that a premixture of air and fuel self-ignites as 
a piston compresses it. For that reason, this type of en- 
gine is not provided with any powerful ignition trigger as 
in the spark ignition engine or the like described earlier 
and a combustion period thereof is shorter than that of 
the spark ignition type or the like. This very fact enables 



operation at high efficiency with low exhaust emissions. 
At the same time, even the slightest variations in the 
cylinder structure greatly affects a combustion condi- 
tion, which eventually aggravates fuel consumption and 

5 the state of exhaust emissions. This gives a good rea- 
son to believe that there is a cylinder or two, in which 
combustion does not occur normally, even if each of all 
cylinders is controlled in exactly the same manner. It is 
ascertained through experiments conducted by the ap- 

10 plicant. 

SUMMARY OF THE INVENTION 

[0006] The present invention has been made in view 
is of the aforementioned problem, it is therefore an object 
of the present invention to provide a control apparatus 
and a control method for a multi-cylinder engine having 
a compression ignition combustion mode as an operat- 
ing mode in which variations in the combustion state 
20 among different cylinders and different cycles arising 
from unit-to-unit variations or deterioration in the engine 
or part-to-part variations or deterioration in a component 
thereof can be suppressed. 

[0007] To achieve the foregoing object, a control ap- 
25 paratus for a multi-cylinder engine according to one as- 
pect of the present invention is basically applicable to a 
multi-cylinder engine that is capable of performing com- 
pression ignition combustion, or selecting either the 
compression ignition combustion or spark ignition com- 
30 bustion. 

[0008] The control apparatus can be provided with a 
cylinder-specific combustion state estimating means 
that estimates a combustion state for each cylinder and/ 
or a combustion state control means that controls the 

35 combustion state for each cylinder. 

[0009] The combustion state control means can con- 
trol, during an engine operation in a compression igni- 
tion combustion mode, the combustion state for each 
cylinder based on the combustion state estimated by the 

ao cylinder-specific combustion state estimating means 
during the compression ignition combustion mode. 
[0010] With this arrangement, the control apparatus 
for a multi-cylinder engine according to an aspect of the 
present invention can estimate the combustion state for 

45 each cylinder during the engine operation in the com- 
pression ignition combustion mode. It is further able to 
provide a combustion control for each cylinder based on 
the estimated combustion state for each cylinder. 
Should there be part-to-part variations among compo- 

50 nents of the multi-cylinder engine or should any deteri- 
orate, therefore, the control apparatus can provide a 
best possible combustion control for each cylinder in ac- 
cordance with the part-to-part manufacturing variations 
and deterioration to correct variations in the combustion 

55 state among different cylinders and different cycles. 
This can therefore realize compression ignition combus- 
tion offering good fuel consumption and exhaust emis- 
sions characteristics. 
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[001 1 ] A control apparatus for a mufti-cylinder engine 
according to another aspect of the present invention is 
characterized in the following points. That is, the cylin- 
der-specific combustion state estimating means can es- 
timate a peak value of a cylinder pressure of each cyl- 
inder and/or a peak timing of the cylinder pressure. 
[0012] The combustion state control means can pro- 
vide control so that the peak value of the cylinder pres- 
sure of each cylinder fails within a predetermined range 
and/or the peak timing falls within a predetermined pe- 
riod of time after piston top dead center. 
[001 3J The control apparatus is further characterized 
in that the combustion state control means can control 
other combustion states, including a mode changeover 
between spark ignition combustion and compression ig- 
nition combustion and the like based on the operating 
condition of the multi-cylinder engine, the operating con- 
dition of a piece of equipment which may be mounted 
with the multi-cylinder engine, and/or an intention of a 
user of the equipment and the like. 
[0014] With this arrangement, the control apparatus 
for a multi-cylinder engine according to an aspect of the 
present invention can accurately estimate the combus- 
tion state of each cylinder during an engine operation in 
the compression ignition combustion mode. That is, if 
good combustion is being carried out in the compression 
ignition combustion mode, the peak timing of the cylin- 
der pressure coincides with peak timing of heat gener- 
ation at predetermined timing after top dead center. It is 
therefore possible to estimate the combustion state of 
each cylinder by detecting the cylinder pressure peak 
value and/or the peak timing. Although depending on 
operating conditions, an operation at high efficiency can 
be achieved if the peak timing falls within a predeter- 
mined range of 0 and 1 0° after the top dead center. 
[001 5] A control apparatus for a multi-cylinder engine 
according to still another aspect of the present invention 
is characterized in the following point. That is, the cylin- 
der-specific combustion state estimating means can es- 
timate the combustion state based on a signal provided 
by at least one of the following components: a vibration 
detecting sensor provided on a cylinder block or a cyl- 
inder head of the multi-cylinder engine; at least one ro- 
tary electric motor connected directly or by way of a gear 
to an output shaft of the multi-cylinder engine; and/or a 
cylinder pressure sensor disposed in at least one of the 
plurality of cylinders of the multi-cylinder engine. 
[0016] As configured as described in the foregoing, 
the control apparatus for a multi-cylinder engine accord- 
ing to an aspect of the present invention uses the vibra- 
tion detecting sensor and, by appropriately analyzing a 
frequency of one vibration detecting sensor signal, can 
estimate the peak value and/or the peak timing of the 
cylinder pressure individually for each cylinder. As a re- 
sult, the control apparatus can estimate the combustion 
state for each cylinder during the engine operation in the 
compression ignition combustion mode at low cost and 
appropriately. By using the rotary electric motor con- 



nected directly or by way of a gear to the output shaft of 
the mufti-cylinder engine, the control apparatus can de- 
tect highly accurately engine torque during the engine 
operation in the compression ignition combustion mode, 
5 which allows it to estimate the combustion state of each 
cylinder. Furthermore, the control apparatus may use 
the cylinder pressure sensor to take a direct reading of 
a highly accurate cylinder pressure for each cylinder, 
which makes it possible to precisely estimate, from the 
cylinder pressure condition, the combustion state of 
each cylinder. 

{001 7] A control apparatus for a multi-cylinder engine 
according to a further aspect of the present invention is 
characterized in the following point. That is, the com- 
bustion state control means can control at least one of 
the following mechanisms: a variable valve mechanism 
that can vary the amount of internal EGR by changing 
at least one of the valve timing and valve lift amount of 
an intake valve and/or an exhaust valve; a fuel injection 
mechanism that can directly or indirectly inject fuel into 
a combustion chamber of the multi-cylinder engine; and/ 
or a transmission that can transmit output shaft torque 
of the multi-cylinder engine to a power train mechanism 
of a vehicle through adjusting a gear ratio. 
[0018] With the arrangement as described in the fore- 
going, the control apparatus for a multi-cylinder engine 
according to an aspect of the present invention can con- 
trol the combustion state so that the peak value and/or 
the peak timing of the cylinder pressure of each cylinder 
fall within an appropriate range during the engine oper- 
ation in the compression ignition combustion mode. The 
control apparatus accomplishes this task by controlling 
the variable valve mechanism, the fuel injection mech- 
anism, and the transmission, either independently or co- 
ordinately, according to a command issued by the com- 
bustion state control means, should necessity arise to 
change the combustion state of each cylinder as deter- 
mined based on the results of estimation made by the 
cylinder-specific combustion state estimating means. 
[001 9] A control apparatus for a multi-cylinder engine 
according to a still further aspect of the present invention 
is characterized in the following points. The combustion 
state control means can control the variable valve mech- 
anism so as to increase a minus overlap amount, there- 
by increasing the amount of internal EGR and/or the 
transmission so as to change the gear ratio, thereby de- 
creasing an engine speed. 

[0020] The control apparatus can perform the afore- 
mentioned control operations when it is estimated that 
the peak value of cylinder pressure of at least one of the 
plurality of cylinders is lower than the predetermined val- 
ue, and/or the peak timing of cylinder pressure is retard- 
ed in relation to the predetermined timing, based on the 
estimation made by the cylinder combustion state esti- 
mating means. 

[0021] Further, the combustion state control means 
can control the variable valve mechanism so as to de- 
crease the minus overlap amount, thereby decreasing 
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the amount of internal EGR and/or the transmission so 
as to change the gear ratio, thereby increasing the en- 
gine speed. 

[0022] The control apparatus can perform the afore- 
mentioned control operations when it is estimated that 
the peak value of cylinder pressure of at least one of the 
plurality of cylinders is higher than the predetermined 
value, and/or the peak timing of cylinder pressure is ad- 
vanced in relation to the predetermined timing, based 
on the estimation made by the cylinder combustion state 
estimating means. 

[0023] With the arrangement as described in the fore- 
going, the control apparatus for a multi-cylinder engine 
according to an aspect of the present invention can ap- 
propriately control the peak value and/or peak timing of 
the cylinder pressure for each cylinder. It can thereby 
suppress variations in the combustion state among dif- 
ferent cylinders and different cycles during the engine 
operation in the compression ignition combustion mode, 
thus realizing compression ignition combustion offering 
good fuel consumption and exhaust emissions charac- 
teristics. 

[0024] Specifically, it is determined whether the peak 
timing of each cylinder is advanced or retarded in rela- 
tion to the timing within the predetermined range. If it is 
determined that the peak timing is advanced, the varia- 
ble valve is controlled so as to increase the amount of 
internal EGR, thus improving ignitability of mixtures in 
all cylinders, that is, advancing the ignition timing. If the 
engine speed is relatively high (2,000 revolutions per 
minute or more), however, compression ignition com- 
bustion can at times fail due to the amount of intake air 
being decreased as the internal EGR amount increases. 
The transmission is therefore controlled so as to slightly 
decrease the engine speed, thereby increasing the 
amount of fuel per one cycle for a greater ignitability. if 
it is determined that the peak timing is retarded, the var- 
iable valve is controlled so as to decrease the amount 
of internal EGR, thereby retarding the ignition timing for 
all cylinders. At this time, the transmission may be con- 
trolled so as to slightly increase the engine speed, there- 
by decreasing the amount of fuel per one cycle to pro- 
vide an equivalent power output. 
[0025] It is next determined whether or not the peak 
value of each cylinder falls within the predetermined 
range. If it is determined that the peak value is lower, 
the variable valve is controlled so as to increase the 
amount of internal EGR, thereby improving ignitability 
of the mixtures of all cylinders, thus allowing a condition, 
in which heat tends to tie generated from combustion, 
to develop. As noted earlier, if the engine speed is rel- 
atively high (2,000 revolutions per minute or more), 
compression ignition combustion can at times fail due 
to the amount of intake air being decreased as the 
amount of internal EGR increases. At this time, there- 
fore, the transmission may also be controlled so as to 
slightly decrease the engine speed, thereby increasing 
the amount of fuel per one cycle to provide an equivalent 



power output. 

[0026] A control apparatus for a multi-cylinder engine 
according to a yet further aspect of the present invention 
is characterized in the following points. Specifically, the 
5 combustion state control means can either increase or 
decrease the amount of fuel supplied from the fuel in- 
jection mechanism to each cylinder per one cycle. The 
fuel injection mechanism can be a type that injects fuel 
directly into the cylinder. 
10 [0027] The combustion state control means can pro- 
vide control so as to effect at least one fuel injection dur- 
ing a minus overlap period by the variable valve mech- 
anism during the compression ignition combustion 
mode. If the cylinder-specific combustion state estimat- 
es ing means estimates that the cylinder pressure peak val- 
ue of at least one cylinder out of the plurality of cylinders 
is lower than the predetermined value, and/or the cylin- 
der pressure peak timing of at least one of the plurality 
of cylinders is retarded in relation to the predetermined 
20 timing, the combustion state control means can control 
the fuel injection mechanism to increase the amount of 
fuel injected from the mechanism into the cylinder during 
the minus overlap period. 

[0028] If the cylinder combustion state estimating 
25 means estimates that the cylinder pressure peak value 
of at least one cylinder out of the plurality of cylinders is 
higher than the predetermined value, and/or the cylinder 
pressure peak timing of at least one of the plurality of 
cylinders is advanced in relation to the predetermined 
30 timing, the combustion state control means can control 
the fuel injection mechanism to decrease the amount of 
fuel injected from the mechanism into the cylinder during 
the minus overlap period. 

[0029] With the arrangement as described in the fore- 
35 going, the control apparatus for a multi-cylinder engine 
according to the aspect of the present invention can ar- 
bitrarily control the condition of the mixture by varying 
the injection timing or the like according to operating 
conditions, if the direct fuel injection system is em- 
40 ployed. The control apparatus may be applied to a sys- 
tem in which a fuel injection sequence is carried out a 
plurality of times during the minus overlap period so as 
to make part of the fuel radical, and the ratio of injection 
is varied among different cylinders, which allows the ap- 
45 paratus to suppress variations in the combustion state 
among different cylinders. 

[0030] A control apparatus for a multi-cylinder engine 
according to a yet further aspect of the present invention 
is characterized in the following points. Specifically, if 

so the cylinder-specific combustion state estimating 
means estimates that the cylinder pressure peak value 
of at least one cylinder out of the plurality of cylinders 
falls outside the predetermined range, and/or the cylin- 
der pressure peak timing of at least one of the plurality 

55 of cylinders falls outside the predetermined period of 
time, the control apparatus can inhibit the compression 
ignition combustion mode for the multi-cylinder engine 
and/or switches the operating mode to the spark ignition 
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combustion mode. 

[0031 ] The control apparatus according to this aspect 
is also characterized in that it can warn the user of the 
equipment which can be mounted with the multi-cylinder 
engine, if the control apparatus inhibits the compression 
ignition combustion mode. 

[0032] The cylinder pressure peak value of the cylin- 
der may still fall outside the predetermined range, and/ 
or the cylinder pressure peak timing may remain outside 
the predetermined period of time even through combus- 
tion state control. In such cases, it could become impos- 
sible to run the engine in the compression ignition com- 
bustion mode with high efficiency and low exhaust emis- 
sions because of a deteriorated or defective engine part. 
If this happens, the control apparatus for a multi-cylinder 
engine according to an aspect of the present invention 
can, thanks to the arrangement as described in the fore- 
going, inhibit the engine operation in the compression 
ignition combustion mode and suspend the operation. 
Alternatively, the control apparatus can switch to the 
spark ignition combustion mode and warns the user that 
the engine is no longer able to carry out high efficiency 
operation. 

[0033] A control method for a multi-cylinder engine 
according to one aspect of the present invention is sub- 
stantially one for performing compression ignition com- 
bustion control, or control to select either the compres- 
sion ignition combustion or spark ignition combustion. 
[0034] During an engine operation in the compression 
ignition combustion mode, the method can estimate a 
combustion state for each cylinder and can further con- 
trol the combustion state for each cylinder based on the 
estimated combustion state for each cylinder. 
[0035] The control method is further characterized by 
controllir other combustion states, including a mode 
changeover between spark ignition combustion and 
compression ignition combustion, and the like based on 
the operating condition of the mufti-cylinder engine, the 
operating condition of a piece of equipment which can 
be mounted with the multi-cylinder engine, and/or an in- 
tention of a user of the equipment and the like. 
[0036] in a control method for a multi-cylinder engine 
according to another aspect of the present invention, the 
step of estimating the combustion state of each cylinder 
can be to estimate a peak value of a cylinder pressure 
for each cylinder and/or a peak timing of the cylinder 
pressure. 

[0037] The step of controlling the combustion state 
can be to ensure that the peakvalue of the cylinder pres- 
sure for each cylinder falls within a predetermined range 
and/or the peak timing falls within a predetermined pe- 
riod of time after piston top dead center. 
[0038] In a control method for a multi-cylinder engine 
according to still another aspect of the present invention, 
the cylinder pressure of each cylinder can represent a 
value that is the result of analyzing a vibration frequency 
detected of the multi-cylinder engine, and/or a value of 
a cylinder pressure sensor disposed in at least one of 



the plurality of cylinders of the multi-cylinder engine. 
[0039] A control method for a multi-cylinder engine 
according to a further aspect of the present invention 
can control compression ignition combustion or can 

5 control to select either the compression ignition com- 
bustion and spark ignition combustion. 
[0040] During the engine operation in the compres- 
sion ignition combustion mode, the method can esti- 
mate the combustion state for each cylinder during the 

io engine operation in the compression ignition combus- 
tion mode. If at least either one of the following condi- 
tions is estimated, the method can allow a variable valve 
mechanism of the cylinder to increase or decrease a mi- 
nus overlap amount so as to increase or decrease an 

*5 internal EGR amount, thereby controlling the combus- 
tion state. 

[0041] The conditions are that the peak value of the 
cylinder pressure of at least one cylinder of all the plu- 
rality of cylinders is lower or higher than a predetermined 
20 value, and/or that the peak timing of the cylinder pres- 
sure is retarded or advanced in relation to a predeter- 
mined timing. 

[0042] Furthermore, if at least either one of the follow- 
ing conditions is estimated, the method can allow a 

25 transmission to change a gear ratio so as to increase or 
decrease an engine speed, thereby increasing or de- 
creasing the amount of fuel supplied from a fuel injection 
mechanism to each cylinder per one cycle. 
[0043] The conditions are that the peak value of the 

30 cylinder pressure of at least one cylinder of all the plu- 
rality of cylinders is lower or higher than the predeter- 
mined value, and/or that the peak timing is retarded or 
advanced in relation to the predetermined timing. 

35 BRIEF DESCRIPTION OF THE DRAWINGS 

[0044] Other objects and advantages of the invention 
will become apparent from the following description of 
embodiments with reference to the accompanying 
40 drawings in which: 

Fig. 1 is a system configuration diagram showing a 
multi-cylinder engine control apparatus according 
to a first embodiment of the present invention; 
45 Figs. 2A to 2D are concerned with the multi-cylinder 
engine control apparatus shown in Fig. 1 , 
Fig. 2A showing schematically a vibration detecting 
sensor mounted on the multi-cylinder engine, 
Fig. 2B showing output characteristics of the vibra- 
to tion detecting sensor, 

Fig. 2C showing a cylinder pressure history during 
the multi-cylinder engine operation in the compres- 
sion ignition combustion mode, and 
Fig. 2D showing a history of output values detected 
55 by the vibration detecting sensor during the multi- 
cylinder engine operation in the compression igni- 
tion combustion mode; 

Fig. 3 shows a flowchart for control operations per- 
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formed by the multi-cylinder engine control appara- 
tus while the engine is running in the compression 
ignition combustion mode; 
Fig. 4 shows a flowchart for control operations per- 
formed by the multi-cylinder engine control appara- 
tus for variable valves and engine speed based on 
the cylinder pressure peak timing and peak value; 
Fig. 5 shows typical lift curve characteristics of the 
intake and exhaust variable valves used in the mul- 
ti-cylinder engine control apparatus shown in Fig. 1 ; 
Figs. 6A and 6B show a typical fuel injection control 
technique employed in the multi-cylinder engine 
control apparatus shown in Fig. 1, 
Fig. 6A showing the timings at which the intake and 
exhaust variable valves are opened and closed and 
fuel is injected (a plurality of times) and 
Fig. 6B showing the relationship between the first 
fuel injection amount and the compression ignition 
timing; 

Figs. 7A and 7B show the cylinder pressure peak 

timing and peak value of each cylinder while the 

multi-cylinder (four-cylinder) engine is running in 

the compression ignition combustion mode, 

Fig. 7A(i) showing where the cylinder pressure peak 

timing of a specific cylinder is retarded, 

Fig. 7A(ii) showing where the state of Fig. 7A(i) has 

been corrected through combustion control, 

Fig. 7B(i) showing where the cylinder pressure peak 

value of a specific cylinder is low, and 

Fig. 7B{ii) showing where the state of Fig. 7B(i) has 

been corrected through combustion control; 

Fig. 8 is a system configuration diagram showing a 

multi-cylinder engine control apparatus according 

to a second embodiment of the present invention; 

Fig. 9 is a system configuration diagram showing a 

multi-cylinder engine control apparatus according 

to a third embodiment of the present invention; and 

Fig. 10 is a system configuration diagram showing 

a multi-cylinder engine control apparatus according 

to a fourth embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

[0045] A control apparatus and a control method for 
an engine according to the present invention will be de- 
scribed in detail with reference to the accompanying 
drawings. 

[0046] Fig. 1 is a system configuration diagram show- 
ing an enginecontrol apparatus accordingto the present 
invention. An engine 12 is a multi-cylinder engine. The 
multi-cylinder engine 1 2 is configured so as to carry out 
combustion in either of two different modes: a spark ig- 
nition combustion using an ignition system and a com- 
pression ignition combustion, in which a mixture is self- 
ignited by piston compression. 
[0047] Specifically, the multi-cylinder engine 1 2 is ca- 
pable of performing a high-efficiency operation using the 



compression ignition combustion mode in a low-speed, 
light-load range. More specifically, the range is an en- 
gine operating range of up to about a half of full load in 
terms of an engine torque and about 3,000 revolutions 
s per minute, or rpm, in terms of an engine speed. It per- 
forms spark ignition combustion in any other load rang- 
es. 

[0048] The engine 1 2 is provided with a vibration de- 
tecting sensor 5 disposed in a cylinder block or a cylin- 
10 der head that forms a plurality of cylinders thereof. In 
addition, there are disposed an air flow sensor 6 on an 
upstream side where air is drawn in, a throttle 7 located 
downstream therefrom for adjusting the amount of air, 
an intake port 8, a fuel injection valve (hereinafter re- 
's ferred to as an "injector") 9 provided for each of the plu- 
rality of cylinders, and a speed sensor 13. Preferably, 
the injector 9 is a type that directly injects fuel into a com- 
bustion chamber 11 of each cylinder and the throttle 7 
is an electronic control throttle, in which a throttle valve 
20 is driven by an electric actuator. 

[0049] The engine 1 2 is further provided with variable 
valves 16a, 16b and a power train control unit (control 
device) (hereinafter referred to as the PCU) 1 . 
[0050] Driving a starter 1 0 starts the operation of the 
25 engine 12. An output shaft 15 of the engine 12 is con- 
nected to a transmission 1 7 of a vehicle through a fric- 
tion clutch 14. It is further connected by way of a trans- 
mission output shaft 1 8, a reduction gear 1 9 and the like 
to a wheel 20. It is desirable that the transmission 1 7 be 
30 a continuously variable transmission type (hereinafter 
referred to as a CVT), with which a required speed can 
easily be achieved. 

[0051] The PCU (control device) 1 receives inputs of 
a vehicle speed Vs, a brake signal Sb, an accelerator 

35 opening a, a gear ratio (gear position) Mp, a transmis- 
sion output shaft speed Nout and the like as means of 
recognizing (detecting) a vehicle operating condition 
and a user's intention. The PCU 1 also receives, as 
means of identifying an engine operating condition, in- 

40 puts of an air-fuel ratio A/F, an engine intake air temper- 
ature Tin, an engine exhaust gas temperature Tex, an 
engine-cooling water temperature Tw, an engine vibra- 
tion Pe supplied from the vibration detecting sensor 5, 
an engine speed Ne, a throttle opening etp and the like. 

45 [0052] The PCU (control device) 1 functions to deter- 
mine the controlled states of the engine 12, the trans- 
mission 1 7 and the like. The PCU 1 is provided at least 
with a combustion state control means including a cyl- 
inder-specific combustion state estimating means 2 for 

so the compression ignition combustion mode, a fuel injec- 
tion condition/variable valve condition setting means 3, 
and a gear ratio setting means 4. 
[0053] The cylinder-specific combustion state esti- 
mating means 2 uses data representing the speed Ne 

55 of the engine 1 2, the vibration Pe provided by the vibra- 
tion detecting sensor 5 and the like to estimate a com- 
bustion state of each cylinder. The cylinder combustion 
state estimating means 2 then outputs data indicating 
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the estimated combustion state to the fuel injection con- 
dition/variable valve condition setting means 3 and the 
gear ratio setting means 4. The PCU 1 makes the means 
2 to 4 perform various calculations based on values de- 
tected by the sensors and the like. Based on the results 
of these calculations, the PCU estimates the controlled 
state of each cylinder to realize afavorable compression 
ignition combustion mode. 

[0054] The injector 9 injects a predetermined amount 
of fuel according to a target engine torque that is calcu- 
lated using the opening signal 8tp of the throttle 7, the 
accelerator opening signal a and the like. The variable 
valve 16a and the variable valve 16b vary valve timing 
and an amount of valve lift on an intake side and an ex- 
haust side, respectively. They are optimally controlled 
either hydraulicaJly or through a motor current according 
to the operating condition. An actual operation control 
system will be described later. 
[0055] Figs. 2A through Fig. 2D show the vibration de- 
tecting sensor 5 used as the combustion state estimat- 
ing means for each cylinder, characteristics thereof, and 
an example of detection made by the sensor. 
[0056] Fig. 2A shows schematically the vibration de- 
tecting sensor 5 mounted oh the engine 12. The vibra- 
tion detecting sensor 5 is composed of a transducer 5a 
as a weight and a piezoelectric device 5b. The sensor 
5 is secured to a cylinder block or a cylinder head 12a 
of the engine 12. The piezoelectric device 5b detects a 
voltage that corresponds to vibration of the transducer 
5a that represents the vibration frequency of the engine 
12. 

[0057] Fig. 2B shows output characteristics of the vi- 
bration detecting sensor 5 representing the relation be- 
tween vibration frequencies of the engine 1 2 and output 
voltages of the sensor 5. Fig. 2C shows the relation be- 
tween cylinder pressures during operations of the en- 
gine 12 in the compression ignition combustion mode 
and crank angles. Fig. 2D shows the relation between 
output values of the vibration detecting sensor 5 during 
operations of the engine 12 in the compression ignition 
combustion mode and crank angles. 
[0058] The vibration detecting sensor 5 is ordinarily 
used as a detonation sensor in the spark ignition com- 
bustion mode. According to the present invention, how- 
ever, the vibration detecting accuracy of the piezoelec- 
tric device 5b that contributes to the output of the sensor 
is more enhanced as compared with that for detonation 
detection. The frequency of the detected vibration is 
thus analyzed with a greater accuracy. This allows cyl- 
inder pressure peak timing and a peak value in the com- 
pression ignition combustion mode to be estimated. 
[0059] Specifically, if good combustion is carried out 
during the engine operation in the compression ignition 
combustion mode, the cylinder pressure peak timing co- 
incides with the peak timing of heat generation at pre- 
determined timing after top dead center as shown in Fig. 
2C. Detecting an engine vibration at the cylinder pres- 
sure peak timing will, therefore, allow the cylinder pres- 



sure peak value to be estimated using an output voltage 
value corresponding to the engine vibration. 
[0060] When the detected frequency is subjected to 
a Fourier analysis and superposed with time-of-day da- 
5 ta, the peak timing and peak value for each cylinder can 
be estimated. Estimation with even greater accuracy is 
possible of the cylinder pressure peak timing and the 
peak value, if the detected frequency is subjected to a 
wavelet transform. Figs. 2C and 2D show an example 
of applying this approach. Fig. 2C shows a pressure 
waveform in compression ignition combustion as de- 
tected by the cylinder pressure sensor. Fig. 2D shows 
an output waveform that is the result of an output de- 
tected by the vibration detecting sensor 5 and calcula- 
tion. As is known from the foregoing, the cylinder pres- 
sure peak timing and the peak value can be estimated 
even with the vibration detecting sensor 5. 
[0061] Disposing the vibration detecting sensor 5 at 
the cylinder block or the cylinder head 1 2a of the engine 
12 makes it possible to estimate the combustion state 
in the compression ignition combustion mode for each 
cylinder at low cost. It goes without saying that the vi- 
bration detecting sensor 5 according to the invention 
can be used as a detonation sensor in spark ignition 
combustion. 

[0062] Control operations of the control apparatus for 
the engine according to the present invention will be de- 
scribed in detail. 

[0063] Fig. 3 shows a flowchart for control operations 
performed while the engine 12 is running in the com- 
pression ignition combustion mode as controlled by the 
PCU (control device) 1 . 

[0064] In step 1 001 s, the PCU 1 reads the vehicle op- 
erating conditions, signals indicating the user's intention 
including the accelerator opening a of the engine 12 and 
the brake signal Sb, and the engine operating conditions 
as indicated by the engine speed Ne and the like. Then 
in step 1 002s, the PCU 1 determines whether or not the 
engine 12 is in an operating range for the compression 
ignition combustion mode based on the readings taken 
instep 1001s. 

[0065] When the PCU 1 determines that the engine 
1 2 is in the operating range for the compression ignition 
combustion mode in step 1002s, it then determines in 
step 1 003s whether or not the operation in the compres- 
sion ignition combustion mode is being earned out. If the 
PCU 1 determines that the current operation is being 
earned out in the spark ignition combustion mode (that 
is, it is not the compression ignition combustion mode), 
it proceeds to step 1 003as and selects the compression 
ignition combustion mode before proceeding to step 
1004s. If it determines that the current operation is being 
carried out in. the compression ignition combustion 
mode, it then directly proceeds to step 1004s. 
[0066] In step 1 004s, the PCU 1 reads the output val- 
ues from the sensors used for estimating the combus- 
tion state of each cylinder in the compression ignition 
combustion mode. In step 1005s, the PCU 1 estimates 
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the cylinder pressure peak timing and the peak value of 
each cylinder. Specific techniques used for estimating 
the cylinder pressure in steps 1004s and 1005s will be 
detailed later. 

[0067] Then, in step 1006s, the PCU 1 uses the esti- 
mated values in steps 1004s and 1005s to determine 
whether or not the cylinder pressure peak timing of all 
cylinders falls within the predetermined range. The pre- 
determined range for the cylinder pressure peak timing 
refers to an approximate range from a point after the top 
dead center on the compression stroke up to 1 0° there- 
after. The range varies slightly depending on the oper- 
ating condition. It can nonetheless be determined that 
the combustion is carried out at proper timing as long 
as the cylinder pressure peak timing falls within this 
range in the compression ignition combustion mode. 
[0068] If it is found that there is a cylinder, the pres- 
sure peak timing of which does not fall within the prede- 
termined range, the PCU 1 then proceeds to step 1 008s 
and provides control for the combustion state (the con- 
trol technique employed will be detailed later). In step 
1 009s, the PCU 1 determines the amount of deviation 
in peak timing among different cylinders. If the amount 
of deviation is a predetermined value or more, or more 
specifically, if the cylinder pressu re peak timing of all cyl- 
inders does not fall within the range from a point after 
the top dead center on the compression stroke up to 1 0° 
thereafter, the following could result. That is, it could be- 
come impossible to carry out an operation with high ef- 
ficiency and low exhaust emissions through compres- 
sion ignition combustion due to a deteriorated or defec- . 
tive engine component. The PCU 1 therefore proceeds 
to step 1012s and inhibits the operation in the compres- 
sion ignition combustion mode. In the meantime, it pro- 
ceeds to step 1 013s and notifies the userthatthe engine 
is unable to perform a high-efficiency operation. This se- 
quence of control operations is repeated several times 
to set the operation into the compression ignition com- 
bustion mode after the engine has been restarted. If the 
PCU 1 determines that the compression ignition com- 
bustion mode should be inhibited in all of these se- 
quences, it warns the user to have the equipment and 
engine serviced. 

[0069] Going back to step 1 006s, if the cylinder pres- 
sure peak timing of all cylinders fails within the prede- 
termined range, the PCU 1 proceeds to step 1 007s and 
determines whether or not the cylinder pressure peak 
values of all cylinders fall within the predetermined 
range. If the cylinder pressure peak values of all cylin- 
ders fall within the predetermined range, then the PCU 
1 judges that compression ignition combustion is being 
carried out in a favorable manner. 
[0070] If it is found that the cylinder pressure peak val- 
ue of any of the cylinders falls outside the predetermined 
range, it can be judged that the combustion is not prop- 
erty carried out. The PCU 1 then proceeds to step 1 01 Os 
and provides control for the combustion state (the con- 
trol technique employed will be detailed later). Proceed- 



ing then to step 1011s, the PCU 1 determines once 
again whether or not the cylinder pressure peak values 
of all cylinders fall within the predetermined range. If it 
is found that any falls outside the range, control pro- 

5 ceeds to steps 1 01 2s and 1 01 3s as described earlier. 
[0071] To sum up, the procedures performed to esti- 
mate and control the combustion state for each cylinder 
effectively prevent fuel economy and exhaust emissions 
of the engine 12 and operating performance of the 

10 equipment mounted with the engine 12 from being ag- 
gravated seriously even when the equipment (vehicle 
or the like) and the engine 12 deteriorate or there are 
part-to-part variations among different components. It is 
therefore possible to provide a multi-cylinder engine 12 

15 that offers outstanding durability and robustness and a 
piece of equipment mounted with the engine. 
[0072] Techniques used to estimate and control the 
combustion state of each cylinder of the engine 12 ac- 
cording to the present invention will be detailed below 

20 with reference to Figs. 4 to 6. 

[0073] Fig. 4 shows a flowchart for control operations 
performed for the combustion state control means in the 
compression ignition combustion mode for each cylin- 
der of the engine 1 2 according to the present invention. 

25 The combustion state of each cylinder is detected 
through the procedures described earlier and, based on 
the detected conditions, compression ignition combus- 
tion is controlled for each cylinder. 
[0074] Based on the estimated results of the combus- 

30 tjon state of each cylinder, the PCU 1 determines in step 
1 01 4s whether or not the cylinder pressure peak timing 
of all cylinders falls within the predetermined range. If it 
is found that the timing falls within the predetermined 
range, it can be estimated that combustion is carried out 

35 at a proper timing in each of all cylinders. Then, the PCU 
1 proceeds to step 1019s and determines whether or 
not the cylinder pressu re peak values of all cylinders fall 
within the predetermined range. 
[0075] If it is found that the peak timing of any of the 

40 cylinders falls outside the predetermined range in step 
1014s, the PCU 1 proceeds to step 1015s and deter- 
mines whether or not the peak timing of the specific cyl- 
inder in question is advanced or retarded in relation to 
timing in the predetermined range. If it is found that the 

45 peak timing is retarded, the PCU 1 proceeds to step 
1 01 6as and uses the variable valves 1 6a and 1 6b to in- 
crease the amount of internal EGR, thereby enhancing 
ignitability of the mixture in all cylinders, that is, advanc- 
ing the ignition timing. If the engine speed is relatively 

so high (2,000 rpm or more), however, compression igni- 
tion combustion can fail due to a decreased amount of 
intake air as a result of the increased amount of internal 
EGR. The PCU 1 may proceed to step 1 01 6bs in which 
the PCU 1 allows the gear ratio setting logic 4 to send 

55 a signal to the transmission 1 7 to slightly decrease the 
engine speed, thereby increasing the amount of fuel per 
one cycle for better ignitability, thus achieving an equiv- 
alent output. Although not shown in Fig. 4, a supercharg- 
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er device may be provided on the intake side, in which 
case the amount of intake air may be increased to boost 
the cylinder pressure, thereby advancing the ignition 
timing. 

[0076] If it is found that the peak timing is advanced 
in step 1015s, the PCU 1 proceeds to step 1016cs and 
uses the variable valves 16a and 16b to decrease the 
amount of internal EGR, thereby retarding the ignition 
timing for all cylinders. At this time, the PCU 1 may pro- 
ceed to step 1 01 6ds and allow the gear ratio setting logic 
4 to send a signal to the transmission 17 to slightly in- 
crease the engine speed, thereby decreasing the 
amount of fuel per one cycle, thus achieving an equiv- 
alent output. 

[0077] After having brought the combustion state of 
each cylinder into or near the predetermined range 
through the steps from 1016as to 1016ds, the PCU 1 
proceeds to step 1 01 7s. The PCU 1 therein provides an 
injection ratio control for each cylinder, thus narrowing 
the cylinder pressure peak timings of different cylinders 
down to an even shorter period of predetermined timing 
to enable operations at even higher efficiency. 
[0078] Proceeding to step 1018s, the PCU 1 deter- 
mines therein if the amount of deviation in the cylinder 
pressure peak timing among different cylinders is a pre- 
determined value or more. If the amount of deviation is 
large, a cylinder, in which combustion is retarded, tends 
to exhaust unbumed HC, while a cylinder, in which com- 
bustion is advanced, tends to produce a high-pitch com- 
bustion noise orthe engine can become easy to be dam- 
aged. If the amount of deviation is large, the PCU 1 pro- 
ceeds to step 1024s and inhibits the compression igni- 
tion combustion mode. At the same time, the PCU 1 no- 
tifies the user of the equipment that the engine is unable 
to perform a high-efficiency operation (in step 1025s). 
The PCU 1 allows the engine to enter the compression 
ignition combustion mode if required conditions are met 
when the engine is restarted after the notification. De- 
termining that the compression ignition combustion 
mode should be inhibited for a number of consecutive 
times, the PCU 1 warns the user to have the equipment 
and engine serviced. 

[0079] If the PCU 1 determines in step 1 01 8s that the 
amount of deviation falls within the predetermined 
range, the PCU 1 proceeds to step 1019s to determine 
whether or not the cylinder pressure peak values of all 
cylinders fall within the predetermined range. If the cyl- 
inder pressure peak values of all cylinders fall within the 
predetermined range, then the PCU 1 can estimate that 
combustion is being earned out at proper timing in all 
cylinders. 

[0080] If it is determined in step 1 01 9s that the cylin- 
der pressure peak value of any of the cylinders falls out- 
side the predetermined range, the PCU 1 proceeds to 
step 1020s and determines whether the peak value of 
the cylinder in question is higher or lower than the pre- 
determined range. If the peak value is lower, the PCU 1 
proceeds to step 1021 as and uses the variable valves 



16a and 16b to increase the amount of internal EGR. 
This enhances ignitability of the mixtures in all cylinders, 
thus yielding a state in which heat generation tends to 
occur through combustion. If the engine speed is rela- 

s tively high (2,000 rpm or more), however, compression 
ignition combustion can fail due to a decreased amount 
of intake air as a result of the increased amount of in- 
ternal EGR. Then, the PCU 1 may proceed to step 
1021bs, in which the PCU 1 allows the gear ratio setting 

10 logic 4 to send a signal to the transmission 1 7 to slightly 
decrease the engine speed, thereby increasing the 
amount of fuel per one cycle for better ignitability, thus 
achieving an equivalent output. Although not shown in 
Rg. 4, a supercharger device may be provided on the 

15 intake side, in which case the amount of intake air may 
be increased to boost the cylinder pressure, thereby en- 
hancing ignitability. 

[0081] If the peak value is found to be higher in step 
1020s, the PCU 1 proceeds to step 1021cs and uses 

20 the variable valves 1 6a and 1 6b to decrease the interna) 
EGR amount, thereby decreasing the cylinder temper- 
ature so as to make heat generation through combus- 
tion milder. At this time, the PCU 1 may proceed to step 
1021ds and allow the gear ratio setting logic 4 to send 

25 a signal to the transmission 1 7 to slightly increase the 
engine speed, thereby decreasing the amount of fuel 
per one cycle, thus achieving an equivalent output. 
[0082] After having brought the combustion state of 
each cylinder into or near the predetermined controlled 

30 range through steps 1 021 as to 1 021 ds, the PCU 1 pro- 
ceeds to step 1022s. The PCU 1 therein provides an 
injection ratio control for each cylinder, thus narrowing 
the cylinder pressure peak timing of different cylinders 
down to an even shorter period of predetermined timing 

35 and bringing the peak values into the predetermined 
range to enable operations at even higher efficiency. 
[0083] Proceeding to step 1023s, the PCU 1 deter- 
mines therein if the amount of deviation in the cylinder 
pressure peak value among different cylinders falls with- 

40 in a predetermined range, if the amount of deviation falls 
outside the range, the PCU 1 proceeds to step 1024s 
and inhibits the compression ignition combustion mode. 
At the same time, the PCU 1 notifies the user of the 
equipment that the engine is unable to perform a high- 

45 efficiency operation (in step 1025s). The PCU 1 allows 
the engine to enter the compression ignition combustion 
mode if required conditions are met when the engine is 
restarted after the notification. If the PCU 1 determines 
that the compression ignition combustion mode should 

so be inhibited for a number of consecutive times, the PCU 
1 warns the user to have the equipment and engine 
serviced. 

[0084] The combustion state control procedures as 
described in the foregoing function to smooth out vary- 
55 ing combustion states among different cylinders. This 
therefore prevents the combustion state from being var- 
ied due to variations and deterioration in engine compo- 
nents, thus enabling an operation with high efficiency 
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and tow exhaust emissions. 

[0085] Fig. 5 shows typical lift curve characteristics of 
the intake and exhaust variable valves 1 6a, 1 6b used in 
the embodiment of the present invention. According to 
the embodiment, variable valves are used for intake and 
exhaust valves 16a, 16b to accomplish the following 
task. That is, the valve lift amount and the operating an- 
gle of these valves are controlled as shown in Fig. 5 to 
vary a period of time during which the exhaust is shut 
off (hereinafter referred to as the minus overlap period), 
thereby continuously controlling the amount of internal 
EGR. 

[0086] A solenoid driven valve may, in this case, be 
provided for each cylinder to continuously vary the mi- 
nus overlap period. This, however, could substantially 
drive up cost as the number of cylinders increases in the 
multi-cylinder engine. A configuration as detailed in the 
following is therefore provided to achieve the objects of 
the present invention. That is, there is provided a device 
that varies the valve lift amount and the operating angle 
for all cylinders at the same time, with which the minus 
overlap amount can be continuously variable depending 
on the operating conditions. 

[0087] Figs. 6A and 6B show a typical fuel injection 
control technique employed according to the present in- 
vention. Since the fuel injection system employed in the 
embodiment is direct injection, the condition of the mix- 
ture can be controlled by changing the injection timing 
and the like according to the operating condition. 
[0088] Referring to Fig. 6A, a fuel injection sequence 
is carried out a plurality of times. The first sequence is 
carried out during the minus overlap period so as to 
make part of the fuel radical. The ratio of injection is then 
varied among different cylinders, thereby suppressing 
variations in the combustion state among different cyl- 
inders. 

[0089] Referring to Rg. 6B, in a range where the ratio 
of the amount of fuel injected in the first injection se- 
quence is large, combustion may occur during the ex- 
haust stroke or the intake stroke. Specifically, the injec- 
tion ratio control is therefore provided to ensure that the 
ratio of the amount of fuel injected in the first injection 
sequence does not exceed 3/4 of the total amount of 
fuel injected. 

[0090] Figs. 7A and 7B show combustion states of a 
four-cylinder engine, representing the techniques used 
to estimate and control the combustion state of each cyl- 
inder described in the foregoing as they are applied to 
the operation of the four-cylinder engine in the compres- 
sion ignition combustion mode. 
[0091] Fig. 7A(i) shows a state in which the cylinder 
pressure peak timing of cylinder no. 1 (#1 ) deviates from 
the predetermined range (that is, retarded) under a cer- 
tain operating condition. When the combustion state 
control technique described in the foregoing is applied 
thereto, the cylinder pressure peak timing of all cylinders 
falls within the predetermined range, enabling an oper- 
ation at high efficiency with low exhaust emissions, as 



shown in Rg. 7A(ii). If the execution of the combustion 
state control does not bring the cylinder pressure peak 
timing of all cylinders into the predetermined range, it is 
difficult to keep the engine operation at high efficiency 

5 with low exhaust emissions. The compression ignition 
combustion mode is then inhibited and the user of the 
equipment mounted with the engine is notified of it 
[0092] Rg. 7B(ii) shows a state in which the cylinder 
pressure peak value of cylinder no. 1 (#1) is lower than 

10 the predetermined value under a certain operating con- 
dition. In such a case, the peak value and the peak tim- 
ing are not sufficiently clear and identifiable as depicted 
in Fig. 7B(i). The engine is then likely to exhaust a large 
amount of unbumed HC and the like, with reduced com- 

15 bustion efficiency due to misfire and incomplete com- 
bustion. When the combustion state control technique 
as described in the foregoing is applied thereto, the cyl- 
inder pressure peak timing of all cylinders is brought into 
the predetermined range and the peak values become 

20 the predetermined value or more as shown in Rg. 7B 
(ii). It tells that the engine is running at high efficiency 
with low exhaust emissions. 

[0093] In the same manner as with Rg. 7A, if the ex- 
ecution of the combustion state control does not bring 

25 the cylinder pressure peak timing of all cylinders into the 
predetermined range, or if the cylinder pressure peak 
value remains lower than the predetermined value even 
after the execution of the control, it is difficult to keep 
the engine operation at high efficiency with low exhaust 

30 emissions. The compression ignition combustion mode 
is then inhibited and the user of the equipment mounted 
with the engine is notified of it. 
[0094] The engine 1 2 according to the present inven- 
tion employs a direct injection system for fuel injection. 

35 A system, in which fuel is injected into the intake pipe, 
may of course be used instead. Such a system, howev- 
er, defies the injection ratio control for each cylinder. The 
same effect can still be implemented using a combus- 
tion state control of other form. 

40 [0095] It has been mentioned that the CVT (continu- 
ously variable transmission), with which a required 
speed can easily be achieved, should preferably be 
used for the transmission 1 7. However, the combustion 
state control described for the present invention can still 

45 be realized even with a stepped gear transmission (or 
manual transmission or MT) and a stepped gear auto- 
matic transmission (or automatic transmission or AT). 
[0096] Fig. 8 is a system configuration diagram show- 
ing an engine control apparatus according to a second 

so embodiment of the present invention. A cylinder pres- 
sure sensor 23 is used as the sensor for providing an 
input signal for the combustion state estimating means 
for each cylinder. Providing the cylinder pressure sensor 
23 for each cylinder naturally drives up cost. It, however, 

55 allows the control apparatus to estimate the combustion 
state in each cylinder even more accurately. An engine 
operation at even higher efficiency with even lower ex- 
haust emissions can therefore be achieved as com- 
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pared with the control apparatus according to the CI 
present invention. 

[0097] Fig. 9 is a system configuration diagram show- 1 . 
ing an engine control apparatus according to the present 
invention. A rotary electric motor (hereinafter referred to 5 
as the "motor") 24 connected by way of gears 25, 27 to 
the output shaft 15 of the engine is used as the sensor 
for providing an input signal for the combustion state es- 
timating means for each cylinder. The motor 24 allows 
the engine torque during the compression ignition com- 10 
bustion mode to be detected highly accurately, allowing 
the System to estimate the combustion state of each cyl- 
inder. 

[0098] In addition, the motor is ordinarily capable of 
assisting in the engine torque as employed in a hybrid '5 
vehicle or suppressing variations in torque during gear- 
shifting or combustion mode switching. It thus offers a 
great benefit of introduction as a system. 
[0099] Fig. 10 is a system configuration diagram 
showing an engine control apparatus, according to the 20 
present invention, mounted on a generator. The gener- 
ator shown in Rg. 1 0 is provided with a motor generator 

21 and an inverter 22. The engine 1 2 may be configured 2. 
as described above. 

[0100] Referring to Fig. 10, the output from the engine 25 
1 2 is supplied by way of the motor generator 21 and the 
inverter 22 to an external apparatus as electric power. 
The PCU 1 reads external information D (such as weath- 
er conditions, circuit conditions, power requirements 
and the like) while the equipment is running. The signal 30 
fed from a speed ratio setting means 4a to the inverter 

22 is used, at this time, to control the input speed and 
the output frequency, thereby controlling the engine 
speed. This allows the combustion state of each cylinder 3. 
to be estimated and controlled as described earlier. That 35 

is, the application of the control apparatus according to 
the fourth embodiment of the present invention to the 
generator makes possible equipment operations at high 
efficiency with low exhaust emissions, just as in the em- 
bodiments described heretofore. *o 
[0101] Although the present invention has been de- 
scribed in connection with what are conceived to be 
practical it is to be understood that departures may be 
made therefrom within the spirit and scope of the inven- 
tion, which is not limited to the illustrative details dis- ^ 4. 
closed. 

[0102] As can be understood from the foregoing de- 
scriptions, the control apparatus for a multi-cylinder en- 
gine according to the present invention is capable of ap- 
propriately controlling the cylinder pressure peak value so 
and peak timing of each cylinder during the engine op- 
eration in the compression ignition combustion mode. 
This can suppress variations in the combustion state 5. 
among different cylinders and different cycles during the 
engine operation in the compression ignition combus- 55 
tion mode, thus realizing compression ignition combus- 
tion offering good fuel consumption and exhaust emis- 
sions characteristics. 



A control apparatus for a multi-cylinder engine (1 2) 
capable of performing compression ignition com- 
bustion, or selecting either the compression ignition 
combustion or spark ignition combustion, compris- 
ing: 

a cylinder-specific combustion state estimating 
means (2) for estimating a combustion state for 
each cylinder; and 

a combustion state control means for control- 
ling the combustion state for each cylinder; 

wherein the combustion state control means 
controls, during an engine operation in a compres- 
sion ignition combustion mode, the combustion 
state for each cylinder based on the combustion 
state estimated by the cylinder-specific combustion 
state estimating means (2) during the engine oper- 
ation in the compression ignition combustion mode. 

The control apparatus for the multi-cylinder engine 
(1 2) according to claim 1 , wherein the cylinder-spe- 
cific combustion state estimating means (2) esti- 
mates a peak value of a cylinder pressure of each 
cylinder and peak timing of the cylinder pressure 
and the combustion state control means controls so 
that the peak value of the cylinder pressure of each 
cylinder falls within a predetermined range and/or 
the peak timing falls within a predetermined period 
of time after piston top dead center. 

The control apparatus for the multi-cylinder engine 
(12) according to claim 1 , wherein the combustion 
state control means controls other combustion 
states including a mode changeover between spark 
ignition combustion and compression ignition com- 
bustion based on the operating condition of the mul- 
ti-cylinder engine (12), the operating condition of a 
piece of equipment mounted with the multi-cylinder 
engine (12), an intention of a user of the equipment 
and the like. 

The control apparatus for the multi-cylinder engine 
(12) according to any one of claims 1 to 3, wherein 
the cylinder-specific combustion state estimating 
means (2) estimates the combustion state based on 
a vibration signal provided by a vibration detecting 
sensor (5) disposed in a cylinder block or a cylinder 
head (12a) of the multi-cylinder engine (12). 

The control apparatus for the multi-cylinder engine 
according to any one of claims 1 to 4, wherein the 
cylinder-specific combustion state estimating 
means (2) estimates the combustion state based on 
a signal provided by at least one rotary electric mo- 
tor (24) connected directly or by way of a gear (25, 
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27) to an output shaft (15) of the multi-cylinder en- 
gine (12). 

6. The control apparatus for the multi-cylinder engine 
according to any one of claims 1 to 5, wherein the 
cylinder-specific combustion state estimating 
means (2) estimates the combustion state based on 
a signal provided by a cylinder pressure sensor (23) 
disposed in at least one cylinder of the multi-cylin- 
der engine (1 2). 

7. The control apparatus for the multi-cylinder engine 
(12) according to any one of claims 1 to 6, wherein 
the combustion state control means controls at 
least one of a variable valve mechanism that varies 
an amount of internal EGR by changing at least one 
of the valve timing and an amount of valve lift of an 
intake valve and an exhaust valve (1 6a, 1 6b), a fuel 
injection mechanism (9) that directly or indirectly in- 
jects fuel into a combustion chamber (1 1 ) of the mul- 
ti-cylinder engine (12), and a transmission (1 7) that 
transmits output shaft (15) torque of the multi-cylin- 
der engine (12) to a power train mechanism (1) of 
a vehicle through adjusting a gear ratio. 

8. The control apparatus for the multi-cylinder engine 
(12) according to claim 7, wherein the combustion 
state control means controls the variable valve 
mechanism so as to increase a minus overlap 
amount, thereby increasing the amount of internal 
EGR when it is estimated that the peak value of cyl- 
inder pressure of at least one of the plurality of cyl- 
inders is lower than a predetermined value, or the 
peak timing of cylinder pressure is retarded in rela- 
tion to predetermined timing, based on the estima- 
tion made by the cylinder-specific combustion state 
estimating means (2). 

9. The control apparatus for the multi-cylinder engine 
according to claim 7, wherein the combustion state 
control means controls the variable valve mecha- 
nism so as to decrease the minus overlap amount, 
thereby decreasing the amount of internal EGR 
when it is estimated that the peak value of cylinder 
pressure of at least one of the plurality of cylinders 
is higher than a predetermined value, or the peak 
timing of cylinder pressure is advanced in relation 
to predetermined timing, based on the estimation 
made by the cylinder-specific combustion state es- 
timating means (2). 

10. The control apparatus for the multi-cylinder engine 
according to claim 7, wherein the combustion state 
control means controls the transmission (1 7) so as 
to change the gear ratio, thereby decreasing an en- 
gine speed (Ne) when it is estimated that the peak 
value of cylinder pressure of at least one of the plu- 
rality of cylinders is lower than a predetermined val- 



ue, or the peak timing of cylinder pressure is retard- 
ed in relation to predetermined timing, based on the 
estimation made by the cylinder-specific combus- 
tion state estimating means (2). 

5 

11 . The control apparatus for the multi-cylinder engine 
according to claim 7, wherein the combustion state 
control means controls the transmission (1 7) so as 
to change the gear ratio, thereby increasing the en- 

10 gine speed (Ne) when it is estimated that the peak 
value of cylinder pressure of at least one of the plu- 
rality of cylinders is higher than the predetermined 
value, or the peak timing of cylinder pressure is ad- 
vanced in relation to the predetermined timing, 
is based on the estimation made by the cylinder-spe- 
cific combustion state estimating means (2). 

12. The control apparatus for the multi-cylinder engine 
(12) according to claim 1 0, wherein the combustion 

20 state control means increases an amount of fuel 
supplied from the fuel injection mechanism (9) to 
each cylinder per one cycle. 

13. The control apparatus for the multi-cylinder engine 
25 (1 2) according to claim 1 0, wherein the combustion 

state control means decreases an amount of fuel 
supplied from the fuel injection mechanism (9) to 
each cylinder per one cycle. 

30 14. The control apparatus for the multi-cylinder engine 
according to claim 8, wherein the fuel injection 
mechanism (9) is a type that injects fuel directly into 
the cylinder, and the combustion state control 
means provides control so as to effect at least one 

35 fuel injection during the minus overlap period by the 
variable valve mechanism during the compression 
ignition combustion mode and, if the cylinder-spe- 
cific combustion state estimating means (2) esti- 
mates that the cylinder pressure peak value of at 

ao least one cylinder out of the plurality of cylinders is 
lower than the predetermined value, or the cylinder 
pressure peak timing of at least one of the plurality 
of cylinders is retarded in relation to the predeter- 
mined timing, controls the fuel injection mechanism 

45 (9) to increase the amount of fuel injected therefrom 
into the cylinder during the minus overlap period. 

15. The control apparatus for the multi-cylinder engine 
(12) according to claim 9, wherein the fuel injection 
so mechanism (9) is a type that injects fuel directly into 
the cylinder; and the combustion state control 
means provides control so as to effect at least one 
fuel injection during the minus overlap period by the 
variable valve mechanism during the compression 
55 ignition combustion mode and, if the cylinder-spe- 
cific combustion state estimating means (2) esti- 
mates that the cylinder pressure peak value of at 
least one cylinder out of the plurality of cylinders is 
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higher than the predetermined value, or the cylinder 
pressure peak timing of at least one of the plurality 
of cylinders is advanced in relation to the predeter- 
mined timing, controls the fuel injection mechanism 
to decrease the amount of fuel injected therefrom 
into the cylinder during the minus overlap period. 

16. The control apparatus for the multi-cylinder engine 
(12) according to at least one of claims 1 to 15, 
wherein, if the cylinder-specific combustion state 
estimating means (2) estimates that the cylinder 
pressure peak value of at least one cylinder out of 
the plurality of cylinders falls outside the predeter- 
mined range, or the cylinder pressure peak timing 
of at least one of the plurality of cylinders falls out- 
side the predetermined period of time, the control 
apparatus inhibits the compression ignition com- 
bustion mode for the multi-cylinder engine (12), or 
switches the operating mode to the spark ignition 
combustion mode. 

17. The control apparatus for the multi-cylinder engine 
according to claim 16, wherein the control appara- 
tus warns the user of the equipment mounted with 
the multi-cylinder engine (1 2), if the compression ig- 
nition combustion mode is inhibited. 

18. A control method for a multi-cylinder engine that 
performs compression ignition combustion control 
or provides control so as to select either the com- 
pression ignition combustion or spark ignition com- 
bustion, comprising the steps of: 

estimating, during an engine operation in the 
compression ignition combustion mode, a com- 
bustion state for each cylinder during the en- 
gine operation in the compression ignition com- 
bustion mode; and 

controlling the combustion state of each cylin- 
der based on the estimated combustion state 
for each cylinder. 

19. The control method for the multi-cylinder engine ac- 
cording to claim 18, wherein other combustion 
states including a mode changeover between spark 
ignition combustion and compression ignition com- 
bustion is controlled based on the operating condi- 
tion of the multi-cylinder engine (12), the operating 
condition of a piece of equipment mounted with the 
multi-cylinder engine, an intention of a user of the 
equipment and the like. 

20. The control method for the mufti-cylinder engine ac- 
cording to claim 18, wherein the step of estimating 
the combustion state of each cylinder is to estimate 
a peak value of cylinder pressure of each cylinder 
and peak timing of the cylinder pressure and the 
step of controlling the combustion state is to ensure 



that the peak value of the cylinder pressure of each 
cylinder falls within a predetermined range and/or 
the peak timing falls within a predetermined period 
of time after piston top dead center. 

5 

21. The control method for the multi-cylinder engine 
(12) according to claim 20, wherein the cylinder 
pressure of each cylinder represents a value that is 
the result of analyzing a vibration frequency detect- 

10 ed of the multi-cylinder engine (12). 

22. The control method for the multi-cylinder engine ac- 
cording to claim 20, wherein the cylinder pressure 
of each cylinder represents a value obtained by a 

'5 cylinder pressure sensor (5) disposed in at least 
one of the plurality of cylinders of the multi-cylinder 
engine (12). 

23. A control method for a multi-cylinder engine (12) 
20 that performs compression ignition combustion 

control or provides control so as to select either the 
compression ignition combustion or spark ignition 
combustion, comprising the steps of: 

25 estimating, during an engine operation in the 

compression ignition combustion mode, the 
combustion state for each cylinder during the 
engine operation in the compression ignition 
combustion mode; and 

so controlling the combustion state by allowing a 

variable valve mechanism of the cylinder to in- 
crease or decrease a minus overlap amount so 
as to increase or decrease an amount of inter- 
nal EGR, if at least either one of the following 

35 conditions is estimated, the conditions being 

that the peak value of the cylinder pressure of 
at least one cylinder of all the plurality of cylin- 
ders is lower or higher than a predetermined 
value, and that the peak timing of the cylinder 

40 pressure is retarded or advanced in relation to 

predetermined timing. 

24. The control method for the multi-cylinder engine ac- 
cording to claim 23, further comprising the step of: 

45 

allowing a transmission to change a gear ratio 
so as to increase or decrease an engine speed, 
thereby increasing or decreasing the amount of 
fuel supplied from a fuel injection mechanism 

so (9) to each cylinder per one cycle, if at least ei- 

ther one of the following conditions is estimat- 
ed, the conditions being that the peak value of 
the cylinder pressure of at least one cylinder of 
all the plurality of cylinders is lower or higher 

55 than a predetermined value, and that the peak 

timing of the cylinder pressure is retarded or ad- 
vanced in relation to a predetermined timing. 
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ABSTRACT : 

CHG DATE=20040413 STATUS=0>The present invention relates to a 
mu 1 t i - cy 1 i nde r 

engine (12) having a compression ignition combustion mode, a 
vibration 

detecting sensor (5) that is preferably mounted in a cylinder block 
or a 

cylinder head (12a) is used to detect a frequency and the detected 
frequency is 

appropriately analyzed to detect or estimate a cylinder pressure peak 
value and 

peak timing for each cylinder. An amount of internal EGR, a fuel 
injection 

condition, an engine speed (Ne) and the like are then controlled so 
as to bring 

each of these parameters into an appropriate range thereof . The 
control 

apparatus (1) suppresses variations in combustion states among 
different 

cylinders and different cycles arising from unit-to-unit variations 
or 

deterioration in the engine (12) or part-to-part variations or 
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deterioration in 

a component thereof. 



KNIC 

Abstract Text - FPAR (1) : 

CHG DATE=20040413 STATUS=0>The present invention relates to a 
mul t i - cy 1 i nde r 

engine (12) having a compression ignition combustion mode, a 
vibration 

detecting sensor (5) that is preferably mounted in a cylinder block 
or a 

cylinder head (12a) is used to detect a frequency and the detected 
frequency is 

appropriately analyzed to detect or estimate a cylinder pressure peak 
value and 

peak timing for each cylinder. An amount of internal EGR, a fuel 
injection 

condition, an engine speed (Ne) and the like are then controlled so 
as to bring 

each of these parameters into an appropriate range thereof. The 
control 

apparatus (1) suppresses variations in combustion states among 
different 

cylinders and different cycles arising from unit-to-unit variations 
or 

deterioration in the engine (12) or part-to-part variations or 

deterioration in 

a component thereof . 
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